This article introduces a hierarchical power control structure for Multi-terminal High Voltage Direct Current (MT-HVDC) systems. The presented hierarchy is similar to the control structure used in classical AC transmission systems and is divided in primary, secondary and tertiary control actions. The voltage control in the MT-HVDC scheme acts in a way similar to the primary control action of generators in AC systems, while the secondary control action is performed by an outer power control loop. The design of the individual controllers and the interaction between these control loops is discussed in detail.
48
In [18] a hierarchical control scheme was presented. The present paper describes the 49 proposed scheme in greater detail. The objective of the proposed control structure is to 50 allow power flow control in the DC network while ensuring that the terminal voltages are 51 maintained stable within appropriate limits. This is achieved by designing a hierarchical The resemblance with the AC primary control is shown. In the next step, the power 60 control is introduced and discussed and its similarities with the AC secondary control 61 mechanism are shown. Furthermore, the operating points and modes of the MT-HVDC 62 are described. The proposed control structure also allows the introduction of a tertiary 63 control mechanism, which is rather an optimization than a control in itself and therefore 64 not dealt with in detail in this paper. Finally, simulation results for various scenarios 65 show the validity of the proposed method to control the power flows. Fig. 1) . 76 1 Note that fourth control action, time correction, is not discussed here.
The first control action is an automatic reaction of all activated generators after a 77 deviation of the frequency from the nominal frequency. In a multi-zonal system, this 78 results in a change of output power throughout the system. The power deviation is
79
proportional to the frequency deviation (droop control). The primary control is activated 80 in a very short time period (15-30 seconds) and acts to limit the frequency deviation.
81
The set-point for the active power injections in the different generating units during the 
Balancing injections to and from the DC grid

97
The power exchange to and from the DC grid have to be balanced in a similar man-98 ner as the AC system. Where the AC system power balance is reflected in a constant 99 frequency, the DC voltage perform a similar role in the DC system. The power-frequency 100 control in the AC system is therefore very similar to the power-DC Voltage control scheme. 
157
Wind farms connected to the DC grid are set to inject all the generated power in the the last option, the power reduction control law is defined as
where P wind is the wind farm power, P red wind is the reduced wind farm power, E DC is the 166 DC voltage and k r can be chosen as
where E 
Secondary control
171
The secondary control or power control can be described as a system that allows to 172 achieve the power setpoints provided by a tertiary control. Furthermore, the secondary 
189
The power controller can be defined as controller is tuned to obtain a time response in the order of seconds. 
198
In normal operation, the sent power references match those given by the tertiary con- 
217
When the system operates in a degraded state, e.g. an AC voltage sag or a power 218 converter disconnection, the power balancing in the system cannot be accomplished. In 
Tertiary control 227
The tertiary control is the upper control level and schedules the injections according (Fig.11) 
where ΔI x is the transmission line current, ΔP x is the injected power and ΔE x is the 245 voltage at the converter terminals. Terms with a 0 subscript (E x0 , P x0 ) refer to the value 246 at the linearisation point.
247
The GSC is modelled, as it is aforementioned, as a linear DC current source as
where ΔI inx is the converter current. Regarding the DC grid, the transmission cables 
where L x and R x are the line resistance and inductance. The subscript + and 
Four terminal MT-HVDC
254
In this section, the four terminal grid model shown in Fig. 11 
and the state, input and output vector are
Wind farm modelling
260
The wind farm has been modelled as a simplified power aggregated model based on
261
[23] and shown in Fig. 8 . The main objective of the proposed model is to reflect the 
Control Design
271
The converter local control structure presented in 3.3 is a cascaded based control 272 topology where the inner loops are designed to be faster than the outer loops, in order
273
to avoid non-desired interactions between controllers. The interaction between the local 274 converter control structure and the DC grid linearised model is depicted in Fig. 9 .
275
[ Figure 9 about here.]
276
The inner current loop is tuned using the Internal Model Control (IMC) method [24] , 
where I inx0 is the linearised converter injected current at the linearisation point. This line I x , which is considered as a system disturbance. The PI controller is tuned using the 287 disturbance rejection IMC methodology described in [25] , considering the following gains and the second scenario is a grid side converter disconnection.
306
The analysed system is the four terminal system, where the dynamic equations have Table 1 .
313
[ Figure 11 about here.]
314
[ In the initial time instant t=0 s, the system follows the references shown Table 2 . The 330 real power is equal to the reference power and an equilibrium voltage points are reached.
331
At time instant t=120 s, new power references are sent to the GSC1 (inverter) and GSC3
332
(rectifier). As can be seen in Fig. 12 the power transmitted over the DC grid increases Depending on the grid requirements, this time constant can be decreased or increased.
336
Also, It can be seen that the remote secondary controller is adjusting the GSC3 reference 337 to accommodate the wind power variations (difference between the reference sent by the 338 tertiary control reference P ter GSC * and the adjusted reference P GSC * in Fig.12 ).
339
[ Figure 12 about here.]
340
Focusing on the power reference change, it is clear from Fig. 13 , that the actual voltages 
Power Converter Outage
In the second scenario, the grid side power converter, GSC1, experiences an outage at Between time instants t=45 s and t=50 s, the rectifier unit GSC3 increases the droop 362 offset until the power reference is achieved. At instant t=55 s, the system is working at a secondary control allows to achieve a given power setpoints, also after a contingency. The 377 tertiary control permits a power scheduling regarding the AC and DC system.
378
The objective of the proposed control hierarchy is to provide a method that can be to be well accepted by industry as it is similar to existing AC control structures. As such,
382
this method could serve as a base for schemes to be introduced into AC/DC grid codes.
It is important to note that although the structure is similar to the AC control structures, Real Axis (seconds 
